F 1 (F 1 -ATPase) is a highly coupled rotary molecular motor and hydrolyses three ATP molecules per turn (3 ATP/turn). Recently, we have developed femtolitre reaction chamber arrays for highly sensitive measurement of biological reactions. By combining this technique with the rotating magnetic tweezers, the coupling ratio of the reverse reaction, ATP synthesis catalysed by single F 1 molecules, has been investigated. The low coupling ratio of 10% (0.3 ATP/turn), catalysed by the α 3 β 3 γ subcomplex of F 1 , was significantly improved to 77% (2.3 ATP/turn) after reconstitution of the ε subunit. This result revealed the novel function of the ε subunit as a coupling factor of ATP synthesis catalysed by F 1 . The possible mechanism for highly coupled ATP synthesis supported by the ε subunit is discussed.
F 1 (F 1 -ATPase) is a highly coupled rotary motor driven by ATP hydrolysis
left) is a membrane protein that catalyses ATP synthesis/hydrolysis reaction coupled with proton translocation across the cell membrane [1] . F 1 ( Figure 1 , lower right) is a water-soluble part of the F o F 1 , and is a rotary molecular motor made by protein [2] [3] [4] . Bacterial F 1 has a subunit structure of α 3 β 3 γ δε, and α 3 β 3 γ subcomplex is the minimum functional unit as a motor. The α and β subunits have non-catalytic and catalytic nucleotide-binding sites respectively and the γ subunit rotates in the α 3 β 3 ring coupled with ATP hydrolysis on the β subunits. In 1997, rotation of the α 3 β 3 γ subcomplex driven by ATP hydrolysis was directly visualized under an optical microscope for the first time [5] . Single-molecule imaging revealed that it makes stepping rotation of 120
• , and statistical analysis of dwell time between the 120
• steps strongly suggested that each step is driven by single ATP hydrolysis [6] . In other words, mechanochemical cycle of F 1 is tightly coupled and three ATP molecules are hydrolysed per turn (3 ATP/turn).
Although rotation mechanism of F 1 driven by ATP hydrolysis is extensively studied by single-molecule measurements [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , its physiological function is ATP synthesis. As mentioned above, in vivo, F 1 forms a complex with F o , a membrane-embedded rotary molecular motor ( Figure 1 , upper right). Subunit composition of bacterial F o is ab 2 c 10-15 , and although direct observation of the rotation has not been achieved yet, it is widely accepted that c 10-15 -ring rotates against peripheral ab 2 complex with proton translocation driven by the protonmotive force across the membrane [16] . In vivo, due to the large protonmotive force generated by Key words: F1-ATPase, FoF1-ATP synthase, magnetic tweezer, microfabrication, rotary molecular motor, single-molecule measurement. Abbreviations used: F1, F1-ATPase; FoF1, FoF1-ATP synthase; FRET, fluorescence resonance energy transfer; PDMS, poly-dimethylsiloxane. 1 To whom correspondence should be addressed (email hnoji@sanken.osaka-u.ac.jp).
respiratory chain, F 1 is forced rotated by F o to the reverse direction. This results in reverse chemical reaction, ATP synthesis from ADP and P i . ATP synthesis by mechanical rotation of F 1 to the reverse direction was experimentally proved in 2004 [17] . In this experiment, many F 1 molecules were forced rotated with magnetic tweezers and synthesized ATP was detected by bioluminescence method applying luciferin-luciferase system. However, the coupling ratio between rotation and ATP synthesis was not estimated quantitatively, since the number of active F 1 molecules in the reaction chamber was unknown.
Highly coupled ATP synthesis of F 1 forced rotated to reverse direction
To estimate the coupling ratio of ATP synthesis quantitatively, single-molecule measurements of ATP synthesis activity of F 1 during forced rotation is essential. The major obstacle to this is the extremely small number of ATP molecules generated by a single F 1 molecule. Even if we assumed 100% (3 ATP/turn) coupling, and rotate the F 1 for 1 min at 10 Hz, the total number would be only 1800 ATP molecules (3.0 × 10 −21 mol), and the quantitative measurement by conventional biochemical assay applying luciferin-luciferase system is difficult. However, if 1800 ATP molecules were accumulated in a very small volume, such as 6 fl [≈(1.8 µm) 3 ], the ATP concentration would become 0.5 µM, which is a sufficiently high concentration for conventional assay. This simple idea motivated us to develop a micron-sized femtolitre reaction chamber [18] . First, by conventional microfabrication method, a PDMS (poly-dimethylsiloxane) sheet with large number of micron-sized cavities was prepared on silicon mould with micron-sized cylinders (Figures 2A and 2B) . Next, a sample solution on a coverglass was covered with this PDMS sheet and pressed moderately ( Figure 2C ). This resulted in enclosure of sample solution between the cavities and coverglass, and formation of the femtolitre chamber arrays.
By combining highly sensitive measurement of ATP concentration in a femtolitre chamber with single-molecule manipulation by the magnetic tweezers, we measured the coupling ratio of ATP synthesis during forced rotation of single F 1 molecules ( Figure 3A ) [19] . First, F 1 molecules were fixed on a coverglass via polyhistidine tags introduced into the α and β subunits. Rotation of the γ subunit was visualized as the rotation of a magnetic bead attached to the γ subunit via streptavidin-biotin system in the presence of ATP (200 nM), ADP (100 µM) and P i (10 mM) ( Figure 3A , right). Next, after identifying an active F 1 molecule rotating by ATP hydrolysis, it was enclosed in a femtolitre chamber with the volume of 6 fl ( Figure 3B, left) , and forced rotated to the ATP synthesis direction for 1 min at 10 Hz with magnetic tweezers (Figure 3B, centre) . During forced rotation, newly synthesized ATP was accumulated in the chamber. And then, F 1 was released from magnetic tweezers, and resumed ATP hydrolysis-driven rotation ( Figure 3B, right) . The important point is that, at such low ATP concentration, the rotational speed is proportional to the ATP concentration. Therefore the number of synthesized ATP molecules can be determined from the increment of the rotational speed after forced rotation. As a result, the coupling ratio for α 3 β 3 γ subcomplex, which exhibits very high ratio (3 ATP/turn) when it hydrolyses ATP, was unexpectedly very low and only 10% (0.3 ATP/turn) ( Figure 3C, left) . However, when the ε subunit was reconstituted with α 3 β 3 γ , the ratio increased significantly ( Figure 3C, right) . Some molecules exhibited very high efficiency (nearly 100%) and the average value reached 77% (2.3 ATP/turn). This result clearly indicated that the ε subunit is required for the highly coupled ATP synthesis by F 1 , as suggested above from the results of ATP hydrolysis uncoupled with proton translocation catalysed by F o F 1 that has the ε subunit fused to other proteins [20] .
Conformational change of the ε subunit: important for highly efficient coupling?
The ε subunit is a small subunit with the molecular mass of 14 kDa, and rotates together with the γ subunit (Figure 1 ) [21] . How does this small subunit support the highly coupled ATP synthesis? In the crystal structure of the α 3 β 3 γ subcomplex, the residues of the γ subunit protruding from the α 3 β 3 ring were structurally unstable and disordered [22] . In contrast, when the ε subunit is present, the structure of these residues was stabilized [23] , and the stabilized residues of the γ subunit include the contact interface with the β subunits. Therefore this stabilization may improve the mechanical coupling between the rotation of the γ subunit and the conformational change of the catalytic β subunits, and result in highly coupled ATP synthesis. This assumption may be confirmed by examining the effect of the ε subunit on the coupling ratio of ATP hydrolysis during the forced rotation Furthermore, recent studies on the ε subunit suggest another explanation. Crystal structures of F 1 subcomplex from different species revealed that C-terminus 2α helices of the ε subunit take different, 'retracted' (Figure 3D , left) [23] , 'partly-extended' (Figure 3D, right) [24, 25] and 'fullyextended' (Y. Shirakihara, T. Suzuki and M. Yoshida, personal communication) conformations. These results suggested that the ε subunit can change its conformation. This idea was supported by chemical cross-linking studies [26] [27] [28] , and these studies further revealed that F 1 and F o F 1 with the ε subunit fixed in partly and fully extended forms exhibited significantly suppressed ATP hydrolysis activity, but those with retracted form of the ε subunit did not. In contrast, extended forms of the ε subunit did not affect the ATP synthesis activity of F o F 1 driven by the protonmotive force. From these results, it is suggested that the ε subunit acts as a 'switch' that changes the F o F 1 between ATP hydrolysis and synthesis mode [27, 28] . In addition to the crosslinking experiment, measurement of the FRET (fluorescence resonance energy transfer) between the dye molecules introduced into the γ and ε subunits directly revealed that the ε subunit in F 1 actually undergoes nucleotide-dependent, large, reversible conformational change [29] . Furthermore, it was revealed that in addition to the α and β subunits, isolated ε subunit can bind ATP with relatively low affinity [29, 30] . ATP binding stabilizes the retracted form of the isolated ε subunit, and ATP is likely to bind to the ε subunit in the F o F 1 complex, since the binding site of ATP is outside of the contact interfaces between the ε and other subunits (N. Kajiwara, H. Yagi, Y. Kato-Yamada, M. Yoshida and H. Akutsu, personal communication). From these results, it is likely that the conformational dynamics and states of the ε subunit affect the coupling ratio of the ATP synthesis. Single-molecule FRET measurement of the conformations of the ε subunit during forced rotation of F 1 , which is ongoing in our group, will provide further insights in the near future.
